INTRODUCTION
Bacterial symbioses are ubiquitous phenomena encompassing a spectrum of interactions from mutualism to parasitism. In the extreme case, symbiotic organisms become vital to their host and are transformed into integral organelles (e.g., mitochondria and chloroplasts) [1] . In insects, where bacterial symbioses are extraordinarily prevalent [1, 2] , the most widespread intracellular bacterial infection is the maternally transmitted Wolbachia, which is estimated to infect 20%-70% of insect species globally [3] . The outcome of Wolbachia infection varies depending on the host species and includes the reproductive effects of cytoplasmic incompatibility, male killing, feminization, and parthenogenesis [3] .
The pleiotropic effects induced by Wolbachia infection may be mediated by multiple bacterial effectors, i.e., proteins transported into the eukaryotic host cell by the bacterium. In fact, Wolbachia harbors a functional type IV secretion system, which allows the direct transport of bacterial proteins into the host cytosol [4] . In addition, the genome of wMel, a Wolbachia strain symbiotic with D. melanogaster, encodes 23 proteins containing ankyrin domains [4] . These domains are primarily found in eukaryotic genomes and in other pathogens, such as Anaplasma, and they have been shown to modulate host cell gene expression upon infection [4] . It also was reported that an ankyrin protein in the obligately intracellular bacterium Ehrlichiae binds to an adenine-rich motif of Alu transposons integrated in the host genome [5] . However, none of the Wolbachia effector proteins have been functionally identified yet.
To determine molecular substrates for host manipulation by Wolbachia, here we attempted a new functional genomic screen for Wolbachia genes having deleterious effects on Drosophila cells. We report the identification of a protein we named toxic manipulator of oogenesis (TomO; ''tomo'' is a Japanese word meaning ''companion''), which, when artificially expressed in wild-type female Drosophila, reduces their fecundity. We found, however, that the germline-restricted overexpression of TomO in Sex-lethal (Sxl) mutant females, which are otherwise sterile due in part to a failure in germ stem cell (GSC) maintenance, restores GSCs in these females, although it does not restore fertility. This effect of TomO is reminiscent of the effect of Wolbachia infection, which restores GSCs in Sxl mutant females [6] . We further show that this rescue of the GSC loss phenotype in Sxl mutants is at least partly ascribable to TomO's activity of elevating Nanos (Nos), a protein known to support GSC maintenance, via derepression of nos mRNA translation.
RESULTS

Identification of the Wolbachia Gene WD1278 that Reduces Fecundity of the Host
To explore the molecular basis for the Wolbachia effects, we developed a functional genomic screen for Wolbachia sequences that exert deleterious effects on Drosophila cells (Figure S1A) . Briefly, pulsed-field gel electrophoresis was applied to infected melanogaster fly extracts to isolate the entire Wolbachia (wMel) genome, which was in turn used to construct a genomic DNA library with an inducible vector adapted to transfect Drosophila S2 cells. S2 cells were transfected with this Wolbachia genomic library and a reporter vector carrying lacZ (b-galactosidase), the expression of which was monitored to determine cell growth and survival ( Figure S1A ).
The screen of 14,000 clones yielded nine sequences that retarded S2 cell growth ( Figures S1B and S1C ). To test whether the products of these nine sequences had detrimental effects on the whole organism as well as cultured cells, we expressed them in D. melanogaster by means of the GAL4-UAS system. When the ubiquitous driver Tubulin-GAL4 was used to express the sequence fragments, a single clone (clone WA150B3) was uniquely found to have a lethal effect ( Figure S1D ). When WA150B3 expression was restricted to germ cells by nanos (nos)-GAL4, adult flies emerged, yet they exhibited a significantly reduced fecundity and hatching rate (Figures S1E and S1F). The remaining eight sequence fragments tested did not produce a phenotype (Figures S1E and S1F). We therefore focused our subsequent analyses on WA150B3 alone, which included the WD1278 gene encoding TomO, a protein belonging to a conserved family within Wolbachia (Figure 1 ) [7] .
Extensive Diversification of WD1278 among Wolbachia Strains Wolbachia have been classified into eight groups based on genomic architecture [8] , three of which are compared for the structure of WD1278 ( Figure 1A) . The overall homology level in the amino acid (aa) sequences of the WD1278 gene was remarkably low, but a 92-236 aa region of WD1278 included in the screened sequenced fragment WA150B3 was well conserved (>40% identity) between wMel (group A) and wPip (group B). However, wBm (group D) Wolbachia contained no WD1278 homolog, instead retaining two N-terminal segments of the wPip homolog, and thus were devoid of the entire region corresponding to WA150B3 ( Figure 1A ). With regard to the general domain structure, WD1278 has two hydrophobic stretches (HSs) aligned in tandem at the C terminus and no other known domain homologies. The WD1278 ortholog in wPip Wolbachia, C1A_352, in contrast, has two ankyrin repeats in addition to the C-terminal HSs (Figure 1A) . Adjacent to C1A_352, the WD1278 homolog, group B Wolbachia have two related genes homologous to C1A_352, one of which carries five ankyrin repeats and two HSs ( Figure 1A) .
Even within the same group of Wolbachia, WD1278 was extensively diversified ( Figure 1B ). For example, in wRi and wAna Wolbachia WD1278 is split into two genes, one encoding the N-terminal half and the other the C-terminal half, while the C-terminal half of WD1278 was absent in wHa and wBif Wolbachia ( Figure 1B) . To evaluate the possibility that truncation of the C terminus modulates the toxicity of WD1278 to the host, we compared the effects of full-length WD1278 (WD1278 : TomO FL ) and two deletants on the fecundity and hatchability of eggs ( Figures  1C, 1D , S2A, and S2B). In this and subsequent experiments, we used at least two independent transgenic lines for each of the UAS constructs (UASp-mRFP, UASp-mRFP-TomO DHS ,
and UASp-mRFP-TomO FL ; see below), confirming that the observed effects were due to TomO expression and not the transgene integration into the genome. A deletion of two HSs in the C terminus (WD1278 1-839 : TomO DHS ) enhanced the toxicity, while a further deletion (WD1278 1-533 ) somewhat alleviated the toxic effect ( Figure 1D ). TomO Is Spatially Associated with Wolbachia Cells in the Infected Host To determine whether TomO is endogenously expressed by Wolbachia, we attempted to visualize TomO in infected fly tissues by immunohistochemistry with an anti-TomO antibody ( Figure S3A ). Anti-TomO-immunoreactive materials were localized in and around Wolbachia cells labeled by the Wolbachia-recognizing antibody in the vicinity of GSCs at the anterior tip of an ovarian germarium (Figure 2A ) of an infected female fly. Similar staining of uninfected female tissues failed to reveal immunoreactivity to the anti-TomO antibody ( Figure 2B ).
To further determine the spatial associations of endogenous TomO with Wolbachia, we examined infected early embryos in which Wolbachia (wMel) are known to be enriched in the germ plasm at the posterior end ( Figure 2C ). We compared the staining pattern of embryos obtained with an antibody that labels FtsZ, a protein confined in the bacterial cytoplasm, and that obtained with the anti-TomO antibody under the following two different conditions: in the first series of experiments, we fixed the tissues before incubating them in antibodies so that the antibodies could penetrate through the bacterial walls; and in the second series of experiments, we injected the antibodies into Wolbachia-infected embryos before fixing the tissues so that the antibodies could not penetrate through the bacterial walls. We found that the anti-FtsZ antibody labeled the embryos only when the fixation was done before the antibody administration, in contrast to the anti-TomO antibody, which gave rise to positive signals near Wolbachia cells in both staining procedures ( Figures 2D-2G ). This observation implies that endogenous TomO is secreted from bacterial cells to the embryonic cytoplasm, whereas FtsZ remains within Wolbachia cells. 
TomO Overexpression Restores GSCs in Sxl Mutant Females
The recovery of some Sxl hypomorphic mutants from sterility is a remarkable outcome of Wolbachia infection in D. melanogaster females [6] . In D. mauritiana, GSC proliferation is reported to be four times higher in Wolbachia-infected females in comparison with the uninfected females [9] . Indeed, we confirmed the fertility rescue in Sxl mutants by Wolbachia infection. We endeavored to detect any possible effect of TomO overexpression on the Sxl-induced loss of GSCs. First, we determined the effect of Wolbachia (wMel) infection on the number of GSCs. We identified GSCs by the presence of phosphorylated Mad (pMad), a signature of active Dpp signaling that maintains the GSC fate [10] . pMad expression ceases when GSCs take on the cystoblast (CB) fate.
As can be seen in Figures 3A-3D protein promoting GSC daughters to enter the differentiation path [11] , and, as a result, these GSCs took on the CB fate with the consequence of GSC loss from the niche ( Figures S4A  and S4B ) and concomitant sterility of mutant females. Wolbachia infection suppressed the GSC loss and Bam upregulation phenotypes in Sxl f4 mutants ( Figure S4C ). We conclude that Wolbachia infection restores GSCs in Sxl f4 mutant ovaries.
Next we determined the effect of TomO on the number of GSCs. Notably, when UAS-TomO DHS was expressed in the Figures  S4D-S4F) . We conclude that TomO can help maintain GSCs in the niche under the Sxl deficiency. However, TomO DHS overexpression was unable to restore fertility in Sxl mutant females, implying that Wolbachia exert additional effects on oogenesis to restore Sxl mutant fertility.
TomO Increases Nanos to Suppress the GSC Loss Phenotype of Sxl f4 Mutants
Overexpressed TomO was associated with small cytoplasmic organelles of germ cells ( Figures 4A, 4B , and S3B), which contained P-body components such as Cup and Me31B ( Figure S6 ) that contribute to RNA-binding protein complexes for translation repression [12, 13] . We noted that Wolbachia also colocalize with particles containing Cup ( Figure 4C ), in accord with a previous report [14] . A simple explanation of the TomO effect that compensates for the Sxl deficiency would be that TomO directly increases the expression of Sxl by, for example, inhibiting Sxl translational repression, which has been suggested for Sxl mRNA in somatic cells [15] . However, our analysis did not support this scenario. Indeed, Starr and Cline [6] have found that Wolbachia rescues female sterility more effectively in stronger Sxl hypomorphic alleles and fails to rescue snf mutant sterility that is caused by loss of Sxl expression, leading them to suggest that Wolbachia may restore female sterility by a means other than increasing Sxl expression in Sxl mutants. The colocalization of TomO with P-body elements suggests that TomO plays a role in RNA regulation. Indeed, Wolbachia have been suggested to modulate the host transcriptome via RNA regulation [16] . We looked for mRNAs that potentially interact with TomO in ovarian extract; this search involved 16 candidate mRNA species with known functions in GSC maintenance and differentiation and Rp49 as a control [11, 17, 18] . Among them, only nos mRNA was markedly enriched in the precipitates (Table S1 ). Several replications of the immunoprecipition experiment confirmed a significant enrichment of nos mRNA (53.2-fold, relative to the amount of nos mRNA immunoprecipitated with control IgG) in the precipitates compared with a control mRNA (rp49 mRNA, 10.1-fold; Figures 4D and 4E) . Overexpression of mRFP alone (not fused to TomO) failed to increase the nos mRNA in the precipitates (2.1-fold for nos mRNA cf. 2.0-fold for rp49 mRNA).
To examine the possible colocalization of TomO produced by Wolbachia and nos mRNA endogenously expressed by the host, we employed double labeling of TomO and nos mRNA in an early embryo, in which nos mRNA was highly accumulated at the posterior pole, allowing its reliable detection. The nos mRNA was targeted by a DIG-labeled antisense probe, which we visualized by an anti-DIG antibody, while Wolbachia-derived TomO was detected by the anti-TomO antibody. We found that TomO immunoreactivity partially overlaps DIG immunoreactivity in close proximity to Wolbachia cells ( Figure 5A ). We also employed the proximity ligation assay (PLA), in which two moieties of a DNA molecule, each fused to the secondary antibody, are reconstituted into a template for rolling circle amplification by a polymerase when they come into close contact and begin to emit fluorescence. The PLA yielded positive signals indicative of TomO and nos mRNA interactions at the posterior end of early embryos in the Wolbachia-infected, but not the Wolbachia-uninfected, stock ( Figures 5B, 5C , and S3C). Unfortunately, our antibodies raised against TomO were not suitable for western blotting.
To evaluate the importance of TomO binding to nos mRNA in alleviation of the Sxl GSC loss phenotype, we examined, upon clonal overexpression of TomO FL or TomO DHS in GSCs, possible changes in expression of the Nos protein that are known to support GSC maintenance. Importantly, we found a striking elevation of Nos expression in GSC clones expressing TomO DHS , but not TomO FL , compared to neighboring GSCs without TomO (Figures 6A-6D) . It has been shown that, in early embryos, the Nos protein is not detected except at the posterior end, partly because nos mRNA is prevented from translation by a Cup-dependent mechanism throughout the embryo, except at the posterior end. A similar Cup-dependent repression of nos mRNA translation has been suggested to occur in germ cells. Interestingly, we found that TomO DHS overexpression significantly reduced the amount of nos mRNA coimmunoprecipitated with Cup ( Figure S7 ). This result suggests that de-repression of nos mRNA translation may at least partly contribute to the TomO-induced elevation of Nos expression. We next assessed the possible impacts of nos on the GSC loss phenotype of Sxl f4 mutants and its suppression by Wolbachia Figure 2C ) triply stained for DNA of primarily bacterial origin (blue), bacterial TomO (green), and nos mRNA of host origin (red) in (A). Images stained for TomO and nos mRNA also are shown in black and white in (A') and (A''), respectively. Scale bar, 3 mm.
(B and C) Associations of TomO with nos mRNA revealed by the PLA. TomO was detected by an anti-TomO antibody, whereas the DIG-labeled antisense probe for nos mRNA was detected by an anti-DIG antibody. The secondary antibody for the detection of the anti-TomO antibody carried a DNA probe ''A'' for PLA, whereas the secondary antibody for the detection of anti-DIG antibody carried a complementary DNA probe ''B'' for PLA. The secondary antibody emits fluorescence only when two probes, A and B, hybridize to each other, signifying the close proximity between two antigens, i.e., TomO and nos mRNA. The PLA yielded fluorescence in the Wolbachia-infected (B') embryo, but not in the uninfected embryo (C'). No PLA signal was detected with a control sense probe as shown in Figure S3C . Scale bar, 3 mm. Dashed lines represent the posterior contours of embryos. See also Figure S3 and Table S1 .
infection ( Figure 7) . First, we observed that Wolbachia infection ( Figures 7A'' cf. 7B'') led to an elevation in Nos expression (Figures 7A-7C ), but not Vasa expression ( Figures 7A', 7B', and 7D) . Second, the addition of a genomic nos + transgene suppressed the GSC loss phenotype of Sxl f4 in the absence of Wolbachia ( Figure 7E ). Third, Wolbachia failed to increase the number of pMad-positive GSCs in Sxl f4 mutants in the absence of nos + functions ( Figures 7F-7H) . We conclude that Nos is required for the rescue of the GSC loss phenotype in the Sxl mutant germarium by Wolbachia infection.
DISCUSSION
Using a polyphasic approach involving a novel screening strategy for Wolbachia genes followed by functional analysis in the host germline, we successfully identified the gene TomO (WD1278), the artificial expression of which phenocopies the Wolbachia action-restoring GSCs in Sxl mutant females. We found that, although the direct interaction of TomO and nos . The fluorescence intensity in single GSC expressing the transgene was compared to that of control GSC not expressing it in the same germarium. The mean ± SEM are shown. Statistical significance was evaluated by the Student's t test compared to the control expressing mRFP (*p < 0.05; N.S., not significant). n indicates the number of germaria examined, which were derived from at least 16 females. See also Figure S7 . mRNA has not been tested, TomO supports the GSC maintenance by elevating the expression of Nos, which has been shown to prevent GSCs from differentiation [19, 20] . It is plausible that TomO interferes with the interactions between the translation repressor Cup and nos mRNA, resulting in the elevated Nos protein expression presumably by de-repression of translation. However, we cannot exclude the possibility that TomO employs multiple means to increase Nos expression. For example, TomO might release nos mRNA from nuclear anchor molecules [21, 22] , such as Rumpelstiltskin and Aubergine, leading to an increase of the cytoplasmic pool of nos mRNA available for translation.
Although nos was a key target for TomO in restoring GSC maintenance in Sxl f4 mutant females, other RNA species also could be affected by TomO. Indeed, Wolbachia manipulate hosts in a variety of ways, e.g., cytoplasmic incompatibility, male lethality, male-to-female transformation, and parthenogenesis [3] , which often confer reproductive advantages on infected females. mRNA regulation may be important for these processes [23] . Although the sex-determining function of the Sxl gene is not conserved in other insects, Wolbachia can affect the sex determination in such non-Drosophila host insects. A recent study has shown that specific Piwi-interacting RNA (piRNA) species derived from the Feminizer (Fem) gene are the primary female determinant in Bombyx mori [24] , an insect belonging to the class Lepidoptera, in which the male-to-female transformation by Wolbachia infection is prevalent [25] . More recently, Fukui et al. [26] presented evidence that Wolbachia infection reduces expression of the Fem-target Masculinizer mRNA. It would be interesting to examine whether TomO is associated with the perinuclear structure nuage, where piRNAs are assembled into a functional complex [27, 28] . It is inferred that Wolbachia target an RNA-regulating machinery via TomO and interfere with piRNA biogenesis to affect the sex determination in Lepidoptera. The identification of TomO provides an initial step toward understanding how Wolbachia, the ubiquitous intracellular infection, is able to cause the myriad reproductive effects for which it is infamous. Efforts at isolating interacting partners of TomO from the host as well as Wolbachia extracts would be the next step toward a comprehensive approach to understanding the molecular mechanisms underlying this host-symbiont association. It remains an open question whether TomO is widely involved in a vast variety of host manipulations by Wolbachia or if TomO contributes specifically to the GSC manipulation.
Although obligate intracellular symbionts all must be able to manipulate their host in order to persist in the cell, functional 
Sxl f4
wMel Sxl f4 analysis of the molecular determinants has been hampered by the practical absence of genetic techniques to manipulate these bacteria. Here we introduced a powerful strategy to identify endosymbiont genes involved in the interaction with hosts through a functional genomic screen. In conjunction with Drosophila genetics, our screen has opened up an avenue of research for the functional characterization of endosymbiont effectors.
EXPERIMENTAL PROCEDURES
Wolbachia DNA Screens Wolbachia genomic DNA isolated from D. melanogaster BER-1 through pulsed-field gel electrophoresis (PFGE) was cloned into modified pMT/ V5-His. The Wolbachia genomic sequences and pAct-lacZ (Invitrogen) were transfected into Drosophila S2 cells. These cultures were split to serve as experimental and control cultures with or without induction (by the addition of CuSO 4 ). After 48 hr, a b-galactosidase assay was performed, leading to the isolation of clones that retarded S2 cell growth when expressed.
Fly Culture and Transgenesis
The Wolbachia sequences identified through our functional genomic screen as described above were cloned into pUAST and/or pUASp expression vectors. These vectors were then integrated into the D. melanogaster genome by germline transformation for transgenic expression in the flies as mediated by an appropriate GAL4 driver. D. bifasciata and D. borealis ( Figure 1B) were raised on cornmeal-yeast medium and kept at 18 C. Transgenic as well as other Drosophila stocks were reared at 25 C.
Histology
Ovaries were stained with DAPI and/or an antibody against a specific protein to visualize DNA and the particular protein, respectively, as described previously [29] . The stained preparations were observed and image-processed using a Zeiss LSM510 confocal microscope, as described previously [30] .
RNA Immunoprecipitation
RNAs extracted from ovarian precipitates with anti-red fluorescent protein (RFP) antibody that recognizes mRFP::TomO were converted to cDNAs and then subjected to qPCR with appropriate primers.
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